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CIRCULAR TRACK TESTS ON LOW-COST 
BITUMINOUS MIXTURES 


BY THE DIVISION OF TESTS, BUREAU OF PUBLIC ROADS 


Reported by C A. CARPENTER, Associate Civil Engineer, and J. F. GOODE, Junior Highway Engineer 


HE small indoor circular track and the device for | 


applying traffic in making laboratory tests on 

bituminous surfaces were briefly described in the 
January 1934 issue of Pustic Roaps. This apparatus 
is being used in the Bureau’s laboratory at the Arling- 
ton Experiment Farm near Washington to study the 
various factors that influence the behavior of bitumi- 
nous road-surfacing mixtures. 

The test track, shown in figure 1, is laid in a circular 

concrete trough 12 feet in mean diameter, 18 inches 
wide, and 12% inches in mean depth. The track con- 
sists of a base course of gravel, crushed stone, or other 
suitable material and a wearing course of the bituminous 
surfacing material to be tested. The surface may be 
tested dry or the base and also the surface may be 
flooded or maintained in a moist condition through 
capillarity by introducing water from a concentric 
water trough through perforations at the base of the 
inner curb. 
* Two automobile wheels, equipped with 20 by 6.00 
low-pressure tires and mounted on the ends of a cen- 
trally pivoted steel beam, are used for compacting both 
base and surface and for testing the surface course. 
The beam is rotated by a motor-driven vertical shaft 
and operating speeds of 4%, 6, and 9 miles per hour are 
obtained by the use of a three-step cone pully trans- 
mission. The entire weight of the wheel and beam 
assembly, amounting to approximately 800 pounds per 
wheel, is imposed on the track. 

Distribution of this “traffic” over the entire width of 
the track during compaction is accomplished by slowly 
shifting the pivotal point of the beam back and forth 
through a distance of 18 inches by means of a hand- 
operated wheel. Although mounted on the rotating 
beam, this wheel may be operated while the beam is in 
motion. For compacting, the operating speed is 
maintained at 4% miles per hour. 

For testing the compacted wearing course, the pivotal 
point of the beam is set and clamped 2% inches off 
center so that the wheels travel in two concentric lanes 
5 inches apart. This accelerates the test to some extent 
by concentrating the traffic and producing a transverse 
kneading action between the two wheel tracks. The 
maximum operating speed of 9 miles per hour is main- 
tained during testing. 


ONE TYPE AND GRADING OF AGGREGATE USED IN ALL MIXTURES 


This report describes the use of this apparatus in 
studying the road-mix or oil-processed gravel type of 
surfacing widely used in the Western States. Tests 
were conducted to determine the effect of variations in 
the quantity and consistency of the bituminous mate- 
rial and the effect of water in the surfacing mixture, 
in the base, and in both base and surfacing mixture. 
The density and percentage of voids in the traffic- 
compacted mixtures, both before and after testing, 
were determined and specimens of the freshly prepared 
mixtures were also compacted by various other methods 
for comparative density studies. 


69307—36——1 











Most of the experimental surfacing mixtures were 
laid on a sand-clay-gravel base course of the type com- 
monly used in the Western States for road-mix construc- 
tion. The introduction of water into the base course 
incident to saturating the surface mixture produced 
simultaneous failure of both the base and bituminous 
surface. ‘Therefore, in order to eliminate the effect of 
base failure, a more rigid type of base course was sub- 
stituted for the sand-clay-gravel in testing the surfacing 
mixtures on a wet base. 

One type and grading of aggregate was used in all of 
the surface mixtures discussed in this report. It con- 
sisted of 54 percent of crushed Potomac River gravel, 
31 percent of Potomac River concrete sand, and 15 
percent of local silty soil. The gravel was of good 
quality and was coarse enough to provide a crushed 
product of high angularity. It was crushed to pass the 
1-inch screen, and 95 percent by weight of the crushed 
product had two or more fractured faces to the frag- 
ment. The filler material was a local silty clay soil 
that was dried and pulverized to pass the no. 40 sieve. 
Soil tests on this material gave the following results: 


Amount passing the no. 200 sieve, percent____._________- 60 
Clay contents percen to 2 ee ete 8 eee ee ee 26 
Eiquidsliint (eae te 2 wae ee Seat tn Sires ned. ee ee 23 
Centrifuge moisture equivalent_.______._..__._-------_-- 20 


Plasticityaind 6x. Meena, eel a geen be ate, ee ee ete i 


The aggregate for each mixture was carefully pro- 
portioned to conform closely to the grading shown in 
table 1. 


TaBLE 1.—Grading of aggregates used in bituminous mixtures 
tested on the circular track 




















Passing— Retained on— Percent 
i-inchisereenesse ete ee nee oe ial 
iE CHI SCECONE. a ena ee eee S4°iN CILSCLOOU Leese en ee 2 Sarg 
S4-1nchy SCREON sn oe ee St SS /5- IN Ch Seregn yess see ee 16.3 
UN GH SCROCI Ee es nee a ee ee A A-ATGOUSCT OO eae eee ree ae 17.0 
TINCHISChOCTiL wee eee ae No 10. sig yee tye Fete ek Sek 12. 4 
INGS10 Sievers 2s es eee INON20iSI6 VOR eee wt ee 10.8 
INOS20'siovel-e- eee ee INOAS0! SIG VOncee= ee ae eee ee 6.0 
NOs s0iSIe6Vess =. Soe os eee INOA40 Sslove aces 2 Se 5.4 
INO 40SIO VO: ame Sees Se ee INOW50'SIOV Osos ee ae Beets a hot 4,2 
NOs B0:SIOVOE sees os ae er eee INOMSOISICV Ont) Senta eee eae 5.4 
IN OSROISIOVG2 a eeee ae ees eee INOS 100 sieves eos ee ee Pe 
INOS 100 SIG y Ose eee oe Seer INGE 200'SIOViGse2-2 eae oe oe 3. 5 
BOS 200 STO V.e he ees eel nae ee cue eee enon Ly yer we Te 10.5 
=F : : 
Five “straight steam-and-fire reduced’”’ asphaltic 


residual oils were used throughout this series of tests. 
All were produced from the same crude oil and by the 
same refiner. The results of laboratory tests on these 
five materials are given in table 2. Materials A, B, C, 
and D conformed approximately to the slow-curing, 
liquid, asphaltic materials of the grades SC-1, SC-2, 
SC-3, and SC-+4, respectively, as defined in the recom- 
mended specifications of the Bureau and the Asphalt 
Institute. Material E was a semisolid asphaltic residue 
similar to that commonly referred to as 94+ asphaltic 
road oil. The consistencies of these materials, meas- 
ured by their float time at 122° F., were 10, 16, 27, 37, 
and 170, as shown in table 2 
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Fiaure 1.—Tue Circuuar Test TRACK AND TESTING APPARATUS. 


THe WHEELS ARE RESTING ON A COMPACTED GRAVEL BASE 


CouRSE. 


TABLE 2.—Results of tests on bituminous materials 





Test results for materials— 














A B C D E 
Plash: point, °E2= 22. ae eee 300 295 310 310 490 
Specific gravity, (7° We/i7o he ase 0.952 |} 0.972] 0.976 | 0.985 1. 006 
oe Furol viscosity at 122° F., sec- 
Sada Sie Sa eee Oe ee 84 290 780 ite lls |2eeeeces 
Bay boll. Furol viscosity at 140° F., sec- 

Onds! So ieee ee ee ee eee 335 527, jason eee 
Penetration, 100 grams, b\S6CONGS; glade |e en eae eae ee ee 338 
Wont ab 1225 seconds=s.- a eee eae 10 16 27 37 170 
Total distillate to 437° F., percent by 

Volume 2.2550 ee eee 0 0 0 0 0 
Total distillate to 600° F., percent by 

VOIUIMG<3.45 20> oe eee ee ee eee 0.5 0.5 0.5 0 0 
Total distillate to 680° F., percent by 

volume-2 32s. eS eee 11.0 13.0 7.0 6.0 0 
Float of residue at 122° F., seconds. -__-- 20 39 48 55 176 
Solubility of residue in C83, percent__..- $9.95 | 99.95 | 99.92] 99.91 99. 90 
Residue of 100 penetration, percent_----- 52 63 70 75 93 





TESTS CONDUCTED TO DETERMINE THE EFFECT OF VARIATIONS 
IN QUANTITY AND CONSISTENCY OF THE BITUMINOUS 
MATERIAL 

In conducting the tests on the water-free mixtures, 
the circular track was divided into five equal sections 
or one for each of the five grades of bituminous material. 

In each group of tests all five sections contained the same 

percentage of bitumen by volume. Five tracks were 

laid and tested, each track containing a different per- 
centage of bitumen by volume. The percentages used, 
calculated on both a w eight and volume basis, are given 
in table 3. In the following discussion all the mixtures 
in track 1 will be referred to as 3%-percent mixtures, 
those in track 2 as 4-percent mixtures, etc., and the vari- 
ous sections will be designed by the identification letter 
of the contained bitumen and the percentage of bitumen 
in the mixture. For instance, the section of track 1 con- 
taining material A will be referred to as section A-3%. 


TABLE 3.—Percentages of bituminous material used in determin- 
ing the effect of quantity and consistency of the bitwminous mate- 
rial on the performance of bituminous matures 





Biruninereansierial Amount of bituminous material in mixtures, by 


weight 

Track 1 | Track 2 | Track 3 | Track 4 | Track 5 

Float, (9.1 pes (10.3 Vie pease ea (12.7 se, eave 

: - at 122° | cent by | cent by | cent by | cent by | cent by 
Identification F. | volume) | volume) | volume) | volume) | volume) 

Percent | Percent | Percent | Percent | Percent 

DN Snes SN et Ss Spa 10 3.5 4.0 5.0 5.5 
Bec 438 2 ae 16 3.6 4.1 4.6 5.1 5.6 
Cees See 27 3.6 4.1 4.6 6.1 5.6 
WET exh Sn oa 37 3.6 4.1 4.7 5.2 5.7 
Et ae aes ee Te 170 3.7 4.2 4.7 5.3 5.8 


About 400 pounds of each mixture was prepared, 
which provided enough material to lay a section 7.4 
feet long and 2% inches in compacted depth, and also 
provided sufficient excess material for all other tests 
performed on the mixture. The mixtures were prepared 
by hand mixing with rakes and spades in a shallow iron 
pan. The aggregate and bituminous material were 
warmed to facilitate mixing, and for material E it was 
necessary to heat both the stone and the bituminous 
material to approximately 250° F. to obtain satisfactory 
mixing. All mixtures except those containing material 
KE were laid at air temperature. The E mixtures were 
laid at approximately 150° F., and in building each 
track the E mixture was laid last in order that com- 
paction might be started while it was still at approxi- 
mately that temperature. 

The mixtures were placed in two layers each slightly 
less than 2 inches in loose thickness. The first layer 
was compacted by about 100 wheel trips distributed 
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MATERIAL A- 53 PER CENT BY WEIGHT 


Fiaure 2.—Typican TRANSVERSE PROFILES FROM CIRCULAR TRACK SHOWING PROGRESSIVE RUTTING OF BitruMINOUS MIXTURES 
UNbDER TRAFFIC. 


over the 18 inches of track width, the compaction being 
held to a minimum in order to prevent the formation of 
a seal and resulting plane of weakness between the first 
and second layers. The second layer was then spread 
and leveled by raking and troweling, tamped with 
50-pound hand tamping irons, and brushed with a hand 
brush to fill surface voids. Compaction was then com- 
pleted by distributing the traffic of the rubber-tired 
wheels traveling at a speed of approximately 4 miles 
per hour. 

Compaction with the rubber-tired wheels was con- 
tinued as long as any subsidence of the surface of any 
section as a whole could be produced. This required 
from 3,500 to 4,500 wheel trips distributed over the 
18-inch track, the number of trips required to compact 
to ‘refusal’? depending upon the richness of the mix- 
tures. The lean- mixtures required more traffic for com- 
pacting than did the rich ones. 

Subsidence of the surface during compacting and 
vertical displacement during testing were measured by 
means of a recording profilometer, the feet of which 
rested on permanent brass plugs set in the curbs. 
Transverse profiles were taken at frequent intervals 
both during compacting and testing. Each section of 
surfacing was provided with two sets of base plugs for 
taking transverse profiles. Two typical series of these 
profiles, as traced from the original record sheets, are 
shown in figure 2. Figure 3 shows the profilometer 
with a record sheet in place. 

The testing of each section for stability and resistance 
to wear was started as soon as compaction was com- 
pleted, the beam being locked in testing position 2% 
inches off center so that the wheels traveled in two con- 
centric circular paths 5 inches apart. As ruts were 
formed in the less stable mixtures, ridges of displaced 
material were pushed up toward the two curbs. Figure 
4 illustrates the appearance of some of the sections 
while testing was in progress. 








Figure 3.—TuHEe ReEcorDING PROFILOMETER WITH RECORD 


SHEET IN PLAcE. 


MIXTURES WITH HIGH-VISCOSITY BITUMINOUS|[MATERIALS HAD 
: GREATEST STABILITIES 


In figure 4 it will be noted that section A-4, although 
not lacking in stability, showed serious raveling, indi- 
cating insufficient bituminous material to bond the 
ageregate, while section A-4% showed rutting and 
shoving, indicating an excess of bitumen. Section B-4 
was typical of the remainder of the 4-percent mixtures, 
which retained smooth, even surfaces throughout the 
test. Section B-4% showed considerable rutting and 
shoving, indicating excessive bitumen and illustrating 
the necessity of closely controlling the bitumen con- 
tent. Comparison of C—4% with B-4% illustrates the 
effect of greater consistency of the bituminous material 
in reducing the tendency of the richer mixtures to 
shove and rut. However, in section C-5 instability 
was indicated by rutting, showing an excess of bitumen. 

In calculating the average vertical displacement of 
the surface, the cross-sectional area of the ruts and 
the cross-sectional area of the ridges, in square inches, 
were measured from the profiles with a planimeter. 
The total of these areas divided by the width of the 
track (18 inches) gave the average vertical displace- 
ment. Figure 5 shows vertical displacement plotted 
against amount of traffic for all consistencies and pro- 
portions of bituminous materials tested. The relation 
of average vertical displacement to consistency and 
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FiagurRE 4.—APPEARANCE OF SOME OF THE Bituminous Mixtures Durina TESTING. 


amount of bitumen is shown in figure 6, which was 
developed by taking vertical displacement at 5,000 
trips from figure 5 and plotting it against percentage 
of bitumen in the mixture. Brass plugs were set in 
the surfaces and observed for forward movement of the 


surfacing material. Measurements showed that shoving 
was, in general, proportional to vertical displacement. 
Vertical and longitudinal displacements and numerical 
ratings of the test mixtures on the basis of both are 
given in table 4. 
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MATERIAL C - FLOAT AT lee F., 27 


AVERAGE VERTICAL DISPLACEMENT — INCHES 
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Ficure 5.—RELATION OF VERTICAL DigspLACEMENT TO NUMBER OF WHEEL TRIPS FoR VARIOUS KINDS AND PERCENTAGES OF 
BITUMEN. APPROXIMATE PERCENTAGES OF BITUMEN BY WeIGHT or MIxTURES ARE SHOWN ON INDIVIDUAL CURVES. 


TaB.E 4.—Stability and rating of mixtures as measured by vertical 
displacement and by longitudinal displacement 
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1 Failed by surface raveling. 


The amounts of vertical and longitudinal displace- 
ment of the surface, given in table 4 and shown graph- 
ically in figures 5 and 6, give an excellent indication of 
the relative stability or resistance to plastic flow of the 
mixtures under moving wheel loads. The untreated 
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Figure 6.—RELATION OF CONSISTENCY AND PERCENTAGE OF 
BITUMEN TO VERTICAL DISPLACEMENT AFTER THE FIRST 
5,000 WHEEL TRIPs. 


sand-clay-gravel base! and all of the sections of oil- 
processed surface containing up to 4 percent of bitumi- 
nous material showed a high degree of resistance to 


1 No measurements of displacement are given on the untreated base, since no meas- 
urable shoving or rutting occurred. 
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FiguRE 7.—RELATIONS BETWEEN CONSISTENCY AND QUANTITY 
oF BITUMEN IN THE 25 Test M1xTURES AND THEIR CONDITION 
AFTER 5,000 WHEEL TRIPs. 


vertical and longitudinal displacement, as did a limited 

number of the richer mixtures in which the heavier 

grades of bituminous material were used. 

EXCESS OF BITUMEN MOST DETRIMENTAL IN MIXTURES CON. 
TAINING LOW-VISCOSITY BITUMINOUS MATERIALS 

Purely from a consideration of resistance to internal 
movement or flow, the data indicate that the effect of 
adding liquid bituminous material to the aggregate is 
to reduce its stability. While this reduction in stability 
is not particularly detrimental until the bitumen con- 
tent of the mixture reaches a certain critical percentage, 
the reduction takes place very rapidly after the critica] 
percentage has been exceeded. It is apparent that this 
critical percentage was not reached for the semisolid 
material EK. The data also indicate that a large loss of 
stability is caused by a relatively small excess of the 
light material A, while the more viscous materials per- 
mit the use of proportionately higher percentages of 
bitumen before the critical point is reached. 

Figure 7 shows relations between the variables in the 
25 mixtures tested. The abscissae are consistencies of 
the bituminous materials plotted on a logarithmic scale 
and the ordinates are percentages of bituminous ma- 
terial in the mixtures. The curve connecting the points 
representing the richest stable mixtures for the respec- 
tive grades of bituminous material is the approximate 
upper oiling limit for the materials and conditions of 
these tests. 

The mixtures whose behavior and appearance under 
the concentrated traffic test showed satisfactory sta- 
bility were found to have had average vertical dis- 
placements of 0.1 inch or less after 5,000 wheel trips. 
The minimum average vertical displacement for any 
section was 0.01 inch and the maximum for the 16 sec- 
tions having satisfactory stability was 0.08 inch. 
These are the first 16 sections listed in table 4. The 
remaining nine mixtures showed much greater vertical 
displacements accompanied by indications of distress 
such as corrugations and cracks in the surfaces. For 
these nine sections the average vertical displacement 
ranged from 0.23 inch to 1.44 inches. 


In considering the loss of stability of the aggregate 
caused by the addition of liquid bituminous material, 
it is important not to lose sight of the very definite 
reasons for adding these materials to aggregates in 
low-cost road construction. The bitumen is added 
primarily to bond the surface aggregate together into 
a more or less tough, flexible skin, thus preventing the 
loss of surfacing material by dusting and raveling and 
preventing the entrance of surface water into the road 
structure. 

In this connection, it was observed that the untreated 
gravel base, as well as three of the mixtures containing 
low percentages of bitumen and having high stability, 
showed serious loss of material by raveling. The 
mixtures failing in this way were mixtures A-3%, A-4, 
and B-3%. 

Results obtained for the five mixtures containing 
material B clearly illustrate the effect of variations in 
quantity of bitumen on the serviceability of the treated 
surface. Mixture B-3', as noted, failed by raveling 
resulting from insufficient bitumen; mixture B-4 was 
satisfactory ; and mixtures B-4%, B—-5, and B-5\ showed 
progressive degrees of rutting, indicating lack of sta- 
bility caused by overoiling. 

The consistency of the bitumen was found to be of 
more importance than quantity in affecting both the 
stability and sealing characteristics of the mixtures. 
Use of the low-viscosity material, A, resulted in no 
satisfactory mixtures, these mixtures failing either from 
raveling caused by leanness or by rutting caused by 
overoiling. Use of the next heavier grade, B, resulted 
in one satisfactory mixture with 4 percent of bitumen; 
use of the next grade, C, produced three satisfactory 
mixtures, namely, those containing 3%, 4, and 4% per- 
cent of bitumen; and material D was satisfactory in four 
percentages, from 3% to 5, inclusive, and showed low 
stability only in mixture D—5%. 

It is evident from the test data that the use of a low- 
viscosity material requires the imposition of extremely 
close limits on the permissible bitumen content of the 
mixture, while the use of more viscous materials allows 
a much wider variation in bitumen content without 
sacrificing either stability or wear resistance. 


DENSITY OF MIXTURES AFFECTED BY METHOD OF COMPACTION 
AND AMOUNT AND CONSISTENCY OF BITUMEN 


Determinations of density and percentage of voids 
were made on all of the mixtures tested. ‘These deter- 
minations were made on specimens taken from the 
track surface after compaction under distributed 
traffic and also on specimens taken from ruts after the 
completion of the concentrated traffic tests. In addi- 
tion, specimens of each mixture were compacted in the 
Bureau’s molding machine” by rolling 1 minute with 
a load of 200 pounds per linear inch of roller width and 
4 additional minutes with a load of approximately 400 
pounds per inch of roller width. Densities and per- 
centages of voids were determined on these specimens, 
as well as on specimens compacted in a 6-inch cylindrical 
mold by 100 blows of a 3-pound mallet. Table 5 
gives the results of the density tests on the mixtures as 
compacted by the various methods. 


2See A Machine for Molding Laboratory Specimens of Bituminous Paving Mix- 
tures, by J. T. Pauls, PuBLIC RoAps, vol. 10, no. 2, April 1929. 

3 Method described in The Road-Mix Manual, no. 1, issued by the Asphalt 
Institute. 
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TaBLE 5.—Densities of bituminous mixtures compacted by various methods 
Percentage of voids in compacted mixture 
ait : 5 ne Circular track 
itumen in mixture ompac in 6- 3 
; ar re inch cylindrical petals vie E 
Track no, Mixture identification mold with 3- ines 8 ma! After compacting | After testing with 
pound mallet with distributed concentrated 
traffic traffic 

By By vol- | Mixture |Aggregate] Mixture |Aggregate| Mixture |Aggregate] Mixture |Aggregate 

weight ume voids voids voids voids voids voids voids voids 

Percent | Percent | Percent | Percent | Percent | Percent | Percent | Percent | Percent | Percent 
ASO ner cee eee ot Soar BE Ne Ee? .5 1 15.1 22.8 15. 2 22.9 13.7 21.6 8.6 16.9 
Uo a ee en a ees 3.6 9.1 19.5 26.8 14.8 22.6 1302 201 10.8 18.9 
1) je el a eee re Oro omens ee oe eee ee ere ee, 3.6 9.1 20. 8 28.0 14.4 22. 2 13.8 21.6 13.0 20.9 
316 Sawa Saale, aD ee alt 3.6 9.1 23.5 30. 4 15.1 22.8 14.6 22.4 13.6 21.5 
1 HEGEL ee teed Ce ie Sea een 3.7 9.1 24.2 31.1 15.0 22:7 17.4 24.9 16. 2 23.8 
A VOTAGOs ances aoe. ie PRA AER |vted BeCEV SY ar cy Ee 2s St | ee eee ATL Ya (Eel ea AVS Sl he paar 20. 4 
(Nd Rene Foe ee ee ee 4.0 10.3 15.4 24,1 1207 21.7 9.8 19.2 6.1 15.8 
NBS vee Set ee i ae eae aces 4.1 10.3 18.7 27.1 12.1 21.2 10.2 19.5 6.5 16.1 
Man = 5 nS ee (GE > .. Fis Ee ee ee ee 4.1 10.3 19.1 27.3 13.4 22.3 10.5 19,7 9.3 18.7 
LA ee Cs eh ae! 4.1 103 20.7 28. 9. 13.4 22)3 10.3 19. 6 9.8 19.2 
Ae eee, se See eS 4.2 10.3 21.1 29.1 13.4 22.3 16.3 25.1 15.0 23.8 






























































1 All mixtures containing material E were compacted at approximately 150° F. 





All others were compacted at laboratory temperature. 


2 The voids content of the untreated dry aggregate compacted in a 4-inch cylindrical mold by vibrating 5 minutes with an electric hammer was 17.5 percent. 


The data in table 5 are based on the following rela- 
tions between mixture voids, aggregate voids, and 
aggregate and bitumen volumes. For the sake of 
brevity the following notations are used. 

S=the total volume of a specimen of the compacted 

mixture. 

A=the partial volume of the specimen occupied by 

the aggregate. 

B=the partial volume of the specimen occupied by 

bitumen. 

V=the volume of the voids or the partial volume 

of the specimen occupied by air. 


=§X 100=the percentage of aggregate in the 
compacted specimen, by volume. 

b=%X100=the percentage of bitumen in the 
compacted specimen, by volume. 

=9X100= the percentage of air in the compacted 


specimen, by volume. 

v,=the percentage of aggregate voids, by volume, 
in the compacted specimen—space occupied by 
air and bituminous material. 


Then 4+ B+ V=S $ 
A B V 
and GX 100 +5 X100-+-5X 100 = 5X 100 See oe (1) 


Ora sb- pe 00 ae ee SL eed (2) 
also Ab Eig tae Cee ta a ee ae ee (3) 

In table 5 the percentage of bitumen by volume is 
expressed, not as a percentage of the volume of the 
compacted specimen, but as a percentage of the solid 


volume (aggregate plus bitumen), or aaRX100. 


This was done in order to show that the relation of 
the volume of bitumen to total solid volume was the 
same for all five sections in any individual track. This 
percentage, which is designated 6’, may be converted 
to an expression of the percentage of bitumen by volume 
of a particular specimen by multiplying it by the ratio 
SE Ga ie 
specimen under consideration. Then equation (2) 
becomes 


of solid volume to total volume, 


5 (100 tee ae 
a ramen ere er pee LOU ee it ree os or (4) 
and equation (3) becomes 
b’ (100—v,,) Mt 
—T00 Fm -------------------------- (5) 


As an example of the application of equation (5), 
the percentage of voids, v, for mixture A-3/, table 
5, compacted in the 6-inch mold was 15.1 percent. 
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The percentage of bitumen by volume of solids was 
9.1. Then a, equation (5) 
9.1 (100—15.1) 
100 =o DLP 2 

as given in the table. 

In table 5 the aggregate voids remaining after each 
method of compaction and after concentrated traffic are 
averaged for each bitumen content and grand averages 
are shown in each group for all five bitumen contents. 
Comparison of these average void contents indicates 
that of the three methods of compaction used, the 
cylinder method using a 3-pound mallet was least effec- 
tive, rolling with distributed traffic was most effective, 
while the molding machine gave densities that were inter- 
mediate between those produced by the other two meth- 
ods. Theapplication of concentrated traffic on the track 
sections previously compacted under distributed traffic 
produced an appreciable amount of additional compac- 
tion in all of the sections, as indicated by their reduced 
void contents, and resulted in lower average void con- 
tents than were produced by any of the three methods 
of compaction used in these tests. The average void 
contents of the sections after testing under concentrated 
traffic were from 1.7 to 4.1 percent less than those of 
the same sections after compaction under distributed 
traffic; they were from 2.2 to 4.8 percent less than the 
average void contents of the specimens compacted in 
the roller molding machine; and they were from 7.4 to 
12 percent less than the average void contents of the 
mallet-compacted specimens. 





RELATIONSHIP FOUND TO EXIST BETWEEN STABILITY OF BITU- 
MINOUS MORTAR AND STABILITY OF ENTIRE MIXTURE 


Vibratory compaction tests on the dry aggregate gave 
a percentage of aggregate voids of 17.5, or 0.2 percent 
less than the average of the computed aggregate voids 
in all of the track sections after the concentrated traffic 
test. The least dense sample from the track after the 
concentrated traffic test, exclusive of mixtures con- 
taining the semisolid asphalt E, contained 21.5 percent 
aggregate voids and the most dense had 13.5 percent. 
It should be noted, therefore, that while the void con- 
tent of the vibrated dry aggregate checked the average 
aggregate void content of the track specimens and was 
lower than that found by any other of the pre-compac- 
tion methods tried, it did not give the maximum ob- 
tainable compaction as evidenced by the lower aggre- 
gate void contents found in 14 of the track sections 
after the concentrated traffic test. Since the method 
used to obtain compaction by vibration is susceptible 
to considerable improvement, it is possible that the 
dry aggregate might be compacted to void contents 
comparable to those found in these 14 denser mixtures 
by an improved method. | 

Table 5 also shows that the concentrated traffic 
test, as well as all of the methods of compaction used, 
generally produced a considerably denser arrangement 
of the aggregate particles in the light oil mixtures than 
in those containing the more viscous materials. In the 
track sections after testing with concentrated traffic, 
as a typical example, the average computed aggregate 
voids ranged from 15.2 percent for the A mixtures to 
22.4 percent for the E mixtures, or a variation of 7.2 
percent resulting from differences in consistency of the 
bitumens. : 

The quantity of bitumen was also a factor in causing 
a marked variation in the density of the aggregates. 
In the track sections after testing with concentrated 








traffic, the 3%-percent mixtures averaged 20.4 percent 
aggregate voids. The percentage decreased progres- 
sively for increased bitumen contents to an average of 
15.7 percent of aggregate voids for the 4'-percent 
mixtures and then rose progressively with increased 
bitumen to an average of 17.6 percent of aggregate 
voids for the mixtures containing 5' percent of bitumen. 

Hubbard-Field stability tests were made on the fine 
portion or mortar from a number of the circular track 
mixtures and also on a number of additional mortars 
having intermediate and lower bitumen contents. 
The materials for these tests were prepared separately 
by weighing the necessary amounts of crushed gravel 
and sand passing the no. 10 sieve and the same filler 
material as was used in the track mixtures. These 
ingredients, as well as the bitumen, were proportioned 
to produce mortars having the same grading as the 
mortars contained in the track mixtures and a slightly 
ereater range of equivalent bitumen contents. The 
specimens were molded in standard Hubbard-Field 
molds under a pressure of 3,000 pounds per square inch 
maintained for 1 minute. They were allowed to cure 
in air for 24 hours and were then tested at laboratory 
temperature. 

The results of the Hubbard-Field stability tests are 
shown in figure 8. These curves, together with those 
shown in figure 6, indicate that very definite relations 
exist between the stability of the fine portion or 
bituminous mortar and the stability of the entire 
mixture. The mixtures in the track showed loss of 
stability with increase in bitumen content as shown in 
figure 6, while the mortars showed a slightly upward 
trend in stability up to bitumen contents of 7 to 8 
percent (approximately equivalent to 3% and 4 percent 
in the track mixtures) and then a very rapid loss of 
stability for higher bitumen contents. However, with 
the exception of the D-41!5 and D-5 mixtures, the range 
of equivalent bitumen contents through the zone of 
rapidly falling stabilities for the mortars corresponds 
closely to the range of bitumen contents in the track 
mixtures that showed lowered stability. 


RESULTS OF TESTS ON THE EFFECT OF CONSISTENCY AND 
AMOUNT OF BITUMINOUS MATERIAL SUMMARIZED 


The tests that have been described were made on 
only one type and grading of aggregate, and therefore 
the results should not be applied indiscriminately 
without further research involving other aggregates, 
and without proper allowance for special conditions 
to be met. However, it is believed that the results 
obtained will apply in the same relative way to mate- 
rials and conditions other than those of the tests. 
For the combinations of materials studied and the 
conditions of these tests the following conclusions are 
indicated: 

1. The addition of slow-curing, liquid bituminous 
material to aggregate of the coarse, dense-graded type 
reduces its stability or resistance to lateral flow under 
moving loads. 

2. This effect is greatest for bituminous admixtures of 
low viscosity and tends to become progressively less 
as the consistency of the bituminous admixture is 
increased. 

3. Loss of stability, as measured by rutting of the 
circular track under concentrated traffic, is small up 
to a certain critical bitumen content and increases 
rapidly as the percentage of bitumen is increased above 
the critical point. 
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4. Surfacing mixtures having very low bitumen con- 
tents, although possessing relatively high stability, fail 
to produce well-bonded wearing surfaces, and when the 
consistency of the bitumen is less than about 300 
Saybolt-Furol viscosity at 122° F., the surface may 
ravel extensively under the direct action of traffic. 

5. The use of bituminous materials having a viscosity 
of less than approximately 300 in surfacing mixtures 
with the type and grading of aggregate described 
necessitates extremely rigid control of the bitumen 
content. Material B, having a viscosity of 290, pro- 
duced satisfactory results in only one proportion 
(4 percent). Mixture B-3% raveled, and the mixtures 
containing 4 percent or more of material B rutted and 
shoved excessively. 

6. The use of more viscous liquid bituminous materi- 
als allows greater leeway in the permissible bitumen 
content of the mixture. The range of bitumen con- 
tents in satisfactory mixtures was from 3% to 5 percent 
for the highly viscous material D and from 3% to 4% 
percent for material C. 


EFFECT OF WATER ON THE STABILITY OF BITUMINOUS MIXTURES 
INVESTIGATED 


Following the investigation of water-free mixtures, a 
series of tests was conducted to study the effect of water 
on the stability and service behavior of similar surfacing 
materials. 

In the first four tests in this series, the surfaces were 
laid-on the same sand-clay-gravel base as was used in 
the previous studies of water-free mixtures. The bear- 
ing power and uniformity of this base was excellent as 
long as it remained dry or only moderately damp. 
However, when the base was inundated in order to 
introduce capillary water into the surfacing mixture, 
the churning action of traffic caused marked local 
failures in the base. These failures took the form of 
widely spaced corrugations and contributed so seriously 
to the failure of the surfacing course that it was im- 
possible to differentiate between surface failures result- 
ing from weakness of the surfacing mixture and those 
caused by base failure. 

Since these studies were primarily concerned with the 
qualities of the bituminous wearing coarse, the sand- 
clay-gravel base was discarded at the end of the fourth 
test of the series and a crushed-limestone base substi- 
tuted. In constructing the limestone base the stone 
was thoroughly compacted and choked with clean sand. 
A bonded top was then formed by raking in dry port- 
land cement, which was wetted by introducing water 
from below and allowed to set without puddling. 
There resulted a firm, well-bonded surface having 
sufficient porosity to allow free passage of water to the 
bituminous wearing course. No further trouble was 
encountered from base failures even when both base 
and surfacing course were inundated with water. 
Tracks 10, 11, and 12 were laid on this base. 

Seven tracks were tested in this series—tracks 6 to 
12, inclusive. Figures 9 to 13 show diagrammatically 
the layouts, test procedures, and notations on the 
behavior of the test sections for tracks 6 to 10. 

Although a few of the wettest surfaces rutted con- 
siderably, other more characteristic types of failure 
were observed on many of the wet sections. Such 
evidences of failure were corrugations, surface cracking, 
and surface peeling followed by rapid pot holing or local 
raveling. 
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EQUIVALENT PERCENTAGE OF BITUMINOUS MATERIAL IN TRACK MIXTUKES 


Figure 8.—RELATIONS BETWEEN BITUMEN CONTENT AND 
HUBBARD-FIELD STaBiLtiry oF Mortars Maper sy AppDING 
Bituminous MaTERIAL TO THE FINE PoRTION OF THE CIR- 
CULAR TRACK AGGREGATE. 


As shown in figure 9, track 6 was laid in five sections, 
each section containing 4 percent of bitumen and each 
having one of the five grades of bitumen used in the 
previous investigation of water-free mixtures. Each 
section was further subdivided into two subsections, 
one being laid without water in the mixture and one 
having 2 percent of water added to the aggregate before 
the bitumen was applied. After compaction of the 
surfacing mixtures on the dry base, water was admitted 
to the base and the water level maintained at 9 inches 
below the track surface during the first 50,000 wheel 
trips of concentrated traffic and at 4% inches below 
the surface during the last 25,000 wheel trips. 

Comparison of the observed behavior of the test 
sections in this track clearly indicated the superiority 
of the mixtures containing the highly viscous to semi- 
solid bituminous materials over the mixtures containing 
lighter materials in resisting the detrimental effects of 
water. 

Although, as previously mentioned, it was difficult 
to distinguish between failures resulting from surface 
weakness and those caused by base settlement, it was 
observed that the sections having low viscosity bitumen 
in the surfacing mixtures failed earlier and to a greater 
extent than did those having the highly viscous to semi- 
solid bituminous materials. Figure 9 shows the relation 
of time of occurrence and observed extent of failure to 
the amount of traffic applied. The surface on section A, 
where the lightest bitumen was used, raveled during and 
immediately following compaction and, in the early 
stages of the test, developed considerable corrugation. 
After 50,000 wheel trips of concentrated traffic, it was 
badly rutted in the originally dry half and somewhat 
less badly rutted in the half laid with 2 percent of water. 
Part of this rutting was undoubtedly caused by base 
failure, but, regardless of whether or not this was the 
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Figure 9.—EFFECT oF WATER ON THE BEHAVIOR OF MixTuRES CONTAINING 4 PERCENT OF THE VARIOUS BITUMINOUS MATERIALS. 


case, the condition of section A after the 50,000 wheel 
trips was clearly worse than that of any other section 
with the possible exception of section B in which the 
next heavier grade of bitumen was used. 

While showing no noticeable raveling, section B 
developed cracks in the originally dry half and corruga- 
tions in both halves early in the test and rutted some- 
what less than did section A during the 50,000 wheel 
trips before the water level was raised in the base. 

Sections C and D, in which the two next heavier 
grades of bitumen were used, showed no evidence of 
failure until after 12,000 wheel trips of concentrated 
traffic had been applied, and from then until the com- 
pletion of 50,000 wheel trips developed only slight 
cracks in the originally dry sections and a moderate 
amount of rutting throughout. 

Section E, which contained the semisolid bitu- 
minous material, showed no evidence of failure except 
slight cracking in the originally dry half up to 50,000 
wheel trips. 

Since quantitative measurement of the rutting in 
track 6 was impractical because of the longitudinal 
irregularity of the ruts, comparison cannot be made 
between the performance of this track and track 2 in 
which the 4-percent, water-free mixtures were tested 
(see table 4). However, it was observed that the 
principal difference between these two tracks was a 
greater tendency on the part of track 6 to corrugate 
in the sections having bitumen of low viscosity, 
and a tendency for all sections to develop cracking. 
This cracking, as well as a general rutting and increased 
roughness, became extremely noticeable on all sec- 
tions of track 6 after the water level was raised to 
within 4% inches of the top of the curbs at 50,000 wheel 
trips. During the ensuing 25,000 wheel trips the ruts 
and corrugations developed rapidly in all the sections. 
In some places the additional displacement amounted 
to one-half inch or more without, however, materially 
changing the thickness of the surface course in the 
bottoms of the ruts. In other words, the additional 
and comparatively rapid rutting and corrugating were 
largely the result of base failure caused by the higher 
water level. 


WET MIXTURES ON DRY BASES TEND TO DRY OUT AND REGAIN 
STABILITY 


Tracks 7 and 8, data for which are shown in figures 
10 and 11, were identical as to grade and quantity of 


bitumen and base conditions. Both contained 4 
percent of material C in all sections and were laid and 
tested on a dry base. Both tracks were divided into 
five sections that varied only in the amount of water 
added to the aggregates before mixing with bitumen. 
One section in each was surfaced with a mixture pre- 
pared with air-dried aggregate containing about 0.4 
percent of water but to which no water had been 
added. In the remaining four sections of each track, 
the respective mixtures were prepared from aggre- 
See which 2, 3, 4, and 6 percent of water had been 
added. 

The wet sections in track 7 after compaction con- 
tained considerably less water than the amount which 
had been added to the aggregates. In fact, only two 
of them contained over 2 percent of moisture when 
the traffic test was started: Of these two, the sec- 
tion containing 2.8 percent of residual moisture develop- 
ed some alligator cracks under traffic, and the section 
containing 5 percent of water rutted appreciably, 
indicating considerable loss of stability, and it also 
developed alligator cracks. 

The section that was laid dry and the two wet sec- 
tions in which the moisture content had fallen to 2 
percent or less during laying and compacting showed 
no evidence of failure at the end of the test. The test 
on track 7 was concluded at 15,000 wheel trips. 

Track 8 was identical with track 7 except that 
mixing and laying operations were speeded up some- 
what to reduce the loss of water from the wet mixtures. 
Only 1,000 wheel trips of compacting traffic were ap- 
plied so that compaction was completed and test 
trafic started within 4 hours after the surfacing 
material was laid. During both compacting and early 
testing the surfaces of all the sections were lightly 
sprinkled at intervals to retard the loss of moisture by 
evaporation. The actual moisture contents of the 
sections containing 2 percent and 3 percent of water 
were reasonably close to the designed contents, but the 
sections originally containing 4 percent and 6 percent 
of water actually contained only 3.4 and 4.4 percent, 
respectively, when testing was started. Rutting oc- 
curred only in the wettest section, as was the case in 
track 7. The rutting in the section originally con- 
taining 6 percent of water began as soon as concen- 
trated traffic was started and had virtually reached its 
maximum at 1,000 wheel trips. After the sprinkling 
was discontinued (at 10,000 wheel trips of test traffic) 
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TRACK NO,7 
4 PERCENT OF MATERIAL C IN ALL MIXTURES 
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J WATER CONTENT DETERMINED .ON LOOSE MATERIAL BEFORE APPLYING TRAP FIC, 


Figure 10.—Errect or Various AMOUNTS OF WATER ON THE BEHAVIOR oF MixtuRES CONTAINING 4 PERCENT oF Materia C. 
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44,000 NO FURTHER FAILURE 
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J] WATER CONTENT DETERMINED AT START OF COMPACTION PERIOD. 


Figure 11.—Errrct or VARIous AMOUNTS Or WATER ON THE BEHAVIOR OF MIxTURES CONTAINING 4 PerRcENT or Marerian ©. 
Tuer SEcTIONS WERE SPRINKLED TO RETARD Loss or MoIsturRE BY HVAPORATION. 


the mixtures lost moisture so rapidly that at 29,000 
wheel trips of test traffic none of them contained as 
much as 2 percent of water. At 44,000 wheel trips 
of test traffic, when the test was discontinued, the 
sections originally having 3, 4, and 6 percent of water 
showed a slight tendency to scale or peel, and the dry 
section had developed some longitudinal surface cracks, 
due probably to the light sprinkling. No indication 
of failure was evident in the section that originally con- 
tained 2 percent of water. 

Track 9 (see fig. 12) was similar to tracks 7 and 8 
except that 4% percent of material C was used in the 
mixtures instead of 4 percent. Mixing and laying 
operations were further hastened to avoid, as much 
as possible, loss of moisture from the mixtures. The 
number of trips for compaction was reduced to 300, 
and compaction was finished and testing started within 
2 hours after the mixtures were Jaid. This track was 
not sprinkled. 

The compacted mixtures had water contents from 
0.3 percent to 1 percent below the original water con- 
tents. Again, the only wet section showing reduced 
stability by rutting was that laid with 6 percent of 
water and containing 5 percent when testing with con- 
centrated traffic was started. Rutting and corruga- 
tion developed so rapidly in this section that it had to 





be replaced at 1,000 wheel trips of test traflic with a 
more stable material in order to continue the test on 
the other sections. The highest moisture content in 
any of the other sections when testing was started was 
3.1 percent. The dry section showed very slight rut- 
ting, the amount corresponding closely to that recorded 
for the same mixture in the tests on water-free mixtures. 
The failure of the wet sections containing from 1.7 
percent to 3.1 percent of water to rut at all, whereas 
the dry section showed a normal amount of rutting, is 
attributed to a peculiarity of such mixtures which was 
observed throughout this series of test, namely, that 
the addition of a small amount of water (generally less 
than 3 percent) appeared to make the mixture harsh 
and hard to compact. 

Low stability is a characteristic of oily, easily com- 
pacted mixtures or of mixtures that have been com- 
pacted to such an extent that virtually all their void 
spaces are filled with liquid. It follows, therefore, that 
if a small amount of water causes harshness in the mix- 
ture and thereby retards compaction, the mixtures, 
although having low stability when thoroughly com- 
pacted, may show a temporary stability somewhat 
higher than normal during the comparatively long 
period of traffic application necessary to bring them to 
their ultimate density. 

































































80 Pies DV ELGR OLS Vol. 17, No. 4 
TRACK NO:9 
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jJ WATER CONTENT DETERMINED ON LOOSE MATERIAL BEFORE APPLYING TRAFFIC. 
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Fiaqure 12.—Errect or Various AMOUNTS OF WATER ON THE BEHAVIOR OF MixtTuREs ConTAINING 4% PERCENT OF MaTsEriAu C. 


MIXTURES WITH HIGH BITUMEN CONTENTS ABSORBED LEAST | 3 and 4 percent of bitumen to increase to 2 percent 


WATER FROM BASE COURSE 


Track 10 (see fig. 13) consisted of five sections, all 
containing material C but in amounts varying by 
increments of one-half percent from 3% to 5% percent 
of bitumen. The mixtures were laid without the addi- 
tion of water and the base was.kept dry during compac- 
tion of the surfacing mixtures. After the sections were 
compacted by 3,000 wheel trips, 4,000 additional wheel 
trips of distributed traffic were applied with the base 
flooded to within one-fourth inch of the bottom of the 
bituminous mat. 

None of the sections showed any indication of failure 
except that. the sections containing 5 and 5% percent 
of bitumen showed a normal low stability resulting 
from their high bitumen contents. The water was 
then raised to within 1% inches of the top of the bitu- 
minous mat and 1,700 additional wheel trips were 
applied, making a total of 5,700 wheel trips of dis- 
tributed traffic. The mixtures were then tested for 
water content. The results of these tests are shown in 
figure 13 opposite the first entry of 5,700 wheel trips. 

At that time the sections containing 3%, 4, and 4% 
percent of bitumen were still in good condition, but the 
section containing 5 percent was badly cracked and the 
section containing 54 percent was rubbery and unstable. 
The water level was again raised, this time to within 
one-fourth inch of the top of the bituminous mat, and 
maintained there without additional traffic for 18 hours 
or three-fourths of a day. The sections were again 
tested for water content and the results are shown in 
figure 13 opposite the second entry of 5,700 wheel 
trips. All of these tests of water content were made 
only on the top inch of the mixtures. 

The first test of water content indicated that capil- 
larity and the action of traffic had caused some water to 
rise above the free water level into the top half of the 
bituminous mixtures. As shown in figure 13, the 
amounts ranged from 0.5 percent for the mixture con- 
taining 3% percent of bitumen to 2.1 percent for the 
mixture with 4% percent of bitumen, and then downward 
to 0.7 percent for the mixture with 5% percent of 
bitumen. \ 

During the 18 hours when the water level was within 
one-fourth inch of the top of the bituminous mat and 
no traffic was being applied, upward percolation caused 
the water content in the top inch of the mixtures having 











and 1.5 percent, respectively. No increase in water 
content occurred in the top inch of the other three 
sections having 4%, 5, and 5% percent of bitumen. On 
the contrary there was a very slight decrease, which 
probably was the result of the inability of the water to 
percolate upward through these richer and, by then, 
well-compacted mixtures fast enough to offset the 
losses by surface evaporation. 

The water level was next lowered to 1% inches below 
the top of the mat and maintained at this level during 
the application of 3,300 additional wheel trips of 
distributed traffic. This brought the total of all 
distributed test traffic on this track up to 9,000 wheel 
trips. At 9,000 wheel trips the water content was 
determined both at the top and bottom of each section. 
The results are shown in figure 13. 

In the top inch, the mixtures having 3% and 4 percent, 
of bitumen showed additional gains in water content 
of 0.6 and 0.4 percent, respectively. The mixture 
with 4% percent of bitumen showed no change in water 
content and those with 5 and 5% percent of bitumen 
showed additional losses of 0.1 and 0.3 percent, re- 
spectively. The bottom inch of each section contained 
a considerably higher percentage of water than did the 
top inch. In both the top and bottom inch, comparing 
the various sections, the water content decreased 
progressively with higher bitumen contents. At this 
time the sections containing 3, 4, and 4% percent of 
bitumen were in good condition and those containing 
5 and 5% percent of bitumen both showed alligator 
cracking and were wavy and highly plastic. 

In the final phase of the test, the water level was 
lowered to the bottom of the bituminous mat and 
concentrated traffic was applied. The mixtures having 
5 and 5% percent of bitumen failed immediately under 
this type of traffic and after 500 wheel trips were 
replaced with other material to allow completion of the 
test on the remaining sections. . 

It is of interest in connection with the failure of these 
two sections that when they began to rut, the surface 
cracks opened up and after about 200 wheel trips a 
considerable quantity of mud was ejected through 
them. This mud, although appearing from its color 
and texture to contain no bitumen, proved upon 
analysis to contain 8.9 percent of bitumen on the basis 
of its water-free weight. Its water content was 25 
percent. The bitumen in this ejected material had 
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TRACK NO.10 
MATERIAL C IN ALL SECTIONS, NO WATER ADDED TO MIXTURES 
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_tJ AT 5,700 TRIPS WATER CONTENT TESTED AND WATER LEVEL RAISED TO L INCH OF TOP OF BITUMINOUS COURSE AND ALLOWED TO STAND 18 HOURS. WATER CONTENT AGAIN TESTED 
AND SHOWED THE CHANGES INDICATED. WATER LEVEL THEN RETURNED TO i$ INCHES BELOW TOP OF BITUMINOUS COURSE. 


2] THIS MUD CONTAINED 25 PERCENT WATER AND OF THE WATER~FREE MATERIAL 8.9 PERCENT WAS BITUMINOUS MATERIAL, 


Figure 13.—ErFrrect or WATER AND BITUMEN CONTENT ON THE BEHAVIOR OF M1IxTURES CONTAINING VARIOUS PERCENTAGES OF 
MatTERIAt C. 


apparently been completely emulsified by the action of 
traffic on the water-soaked surfacing mixture. 

Figure 14, which shows the section containing 5 
percent of material C after 500 wheel trips of concen- 
trated traffic, illustrates the condition of this section 
and the section containing 5% percent of material C 
when they were discarded. 

The sections with 3%, 4, and 4% percent of bitumen 
developed surface cracks at 500 wheel trips and some 
mud was ejected through the cracks in all three sec- 
tions before the conclusion of the test. The section 
having 4} percent of bitumen was the last of the five 
to eject the mud and oil emulsion and was apparently 
least affected by the action of moisture. The test was 
concluded at 8,000 wheel trips. 

The water conditions for track 10 were purposely 
made extremely severe in order to accelerate the test 
and to show, as clearly as possible, the comparative 
differences in behavior of the sections. The tests 
indicated that the susceptibility of these mixtures to 
damage from excessive moisture increased as_ their 
bitumen contents were increased above 4% percent. 
This is evidenced both by the shorter time required to 
produce failure of the rich sections compared with the 
lean ones, and by the greater extent of the failure in 
the rich sections for a given amount of traffic. 

ADDING WATER TO AGGREGATE FOUND LESS DETRIMENTAL THAN 
ADDING WATER TO OILED MIXTURE 

Comparison of the results of the tests on track 10 
with those on tracks 7, 8, and 9, in which water was 
contained in the mixtures but not in the base, indicates 
that water in the base structure is a more serious cause 
of failure than moisture in the surfacing mixtures when 
the base is dry. This is due to the fact that a wet base 
tends to maintain the surfacing mixture in a wet, 
unstable, and generally weakened condition for as long 











Figure 14.—Srcrion or Track No. 10 Containine 5 PERCENT 
oF Materiau C, Arrer 9,000 WHEEL TRIPs OF DISTRIBUTED 
TRAFFIC AND 500 WHEEL Trips oF CONCENTRATED TRAFFIC. 
Mup was E3EcTED FROM THE Spots MARKED “‘A’’, 


a time as drainage conditions remain unsatisfactory ; 
whereas, if the base is well drained and dry, a wet mix- 
ture placed on top of it will, under favorable weather 
conditions, dry out and become stable in a compara- 
tively short time. It should be noted, however, that in 
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several instances test mixtures which contained more 
than 2% to 3 percent of moisture when the test traffic 
was started, even when the base course was dry, 
developed alligator cracks which failed to heal after the 
mixtures had partially dried. It was observed that 
cracks, once formed, persisted until the surface was 
broken up and remixed. 

Tracks 11 and 12 were designed to show the effect of 
(a) water contained in the aggregate at the time of ap- 
plying the bitumen, and (6) water incorporated in the 
mixture after oiling but before compacting. Each of 
these two tracks was divided into six sections, three of 
which were surfaced with mixtures containing 4% per- 
cent of material B and the other three with mixtures 
containing 4% percent of material D. In track 11 
water was added to the aggregate 24 hours before ap- 
plying the bitumen, and in track 12 water was added 
and mixed into the oiled aggregate 24 hours before the 
track was laid and compacted. In both tracks the per- 
centages of water used were, on the basis of the weight 
of the dry aggregate, 2, 4, and 6 percent for the B and 
also for the D bituminous mixtures. 

These two tracks were each given only 300 wheel 
trips of distributed traffic for compaction, due to the 
extremely low stability of the mixtures with material 
B containing 6 percent of water. Further compaction 
of these mixtures would have resulted in pushing a large 
part of the material out of the track and over the curb. 
Two of the mixtures containing material B, that having 
6 percent of water added to the ageregate (track 11) 
and that having 6 percent of water added to the mixture 
(track 12), failed completely within the first 600 wheel 
trips of concentrated traffic and had to be replaced with 
more stable material before the tests could be continued 
on the other sections. All but two of the sections 
showed average vertical displacements in excess of 0.1 
inch at 5,000 wheel trips, which would cause them to be 
classified as unsatisfactory according to the procedure 
followed in the classification of the water-free mixtures 
previously discussed in this report. The two excep- 
tions were the mixtures with material D containing 2 
and 4 percent water added to the aggregates. 

The average vertical displacements at 5,000 wheel 
trips for the mixtures in tracks 11 and 12 are given in 

table 6.. Comparison of these data with the data given 


TABLE 6.—Average vertical displacement of bituminous mixtures 
after 5,000 wheel trips 


[Tracks 11 and 12; 414 percent of bitumen in all sections] 
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1 Failed completely within 600 wheel trips. 
? Extrapolated by extending displacement curve. 


in table 4 for the water-free mixtures clearly shows the 
effect of water in lowering the stability of these bitu- 
minous mixtures. 

The test results indicated that, in general, a greater 
loss of stability took place in the mixtures in which 
water was added to the oiled aggregate than in those in 
which the water was added to the aggregate before the 
bitumen was applied. The results also corroborated 
the other test data which pointed to a definite superior- 
ity of the more viscous materials over those of low vis- 
cosity in resisting the effect of water. 

In considering the results of the tests on wet mixtures 
it should be pointed out that the mineral filler used in 
these mixtures, while not an ideal filler material, was 
considerably better in quality than much of the soil 
that has often been used as filler in low-cost road sur- 
faces. It is believed that had a clay filler containing — 
more colloidal material been used, the detrimental effect 
of water on the mixtures tested would have been more 
striking. 


TEST RESULTS ON WET MIXTURES SUMMARIZED 


1. Although water in the mixtures caused cracking 
in the lean sections as well as in the rich ones, the lean 
mixtures showed very little loss of stability due to the 
addition of water while the richer mixtures showed & - 
marked loss of stability from this cause. 

2. Both dry and wet mixtures tested on wet bases 
lost stability more rapidly and were ultimately much 
less stable when the bitumen content was high than 
when it was low. 

3. The rich mixtures did not absorb as much water 
from the wet bases as did the lean ones but this did not 
prevent their loss of stability since less additional liquid 
was required to affect them. 

4. The mixtures containing bitumens of low viscosity 
lost stability more rapidly and to a greater degree, due 
to the action of water, than did those containing the 
heavier materials. 

5. Cracking, pitting, and corrugating comprised the 
typical failures on the wet sections, and in addition, 
rutting occurred in the wet sections containing the 
higher percentages of bituminous material. 

6. Surfaces that cracked while wet failed to heal after 
drying. The cracks persisted until the surfacing mix- 
tures were broken up, remixed, and relaid. 

7. Loss of stability occurred both in the wet mixtures 
on dry bases and in the mixtures that were tested on 
wet bases. However, while the former tended to dry 
out rapidly and regain their stability, the condition of 
the latter continued to grow steadily worse with the 
application of additional traffic. 

8. Water added to the oiled aggregate mixtures 
caused, in general, a somewhat greater loss of stability 
than did water added to the aggregate before oiling. 
The reverse, however, was true of the wettest mixtures 
(those containing 6 percent of water). 

9. The tests appear to justify the provision in 
numerous present-day specifications that limits the 
amount of moisture permitted in oil-processed surfacing 
mixtures to 2 percent at the time of laying. Such a 
provision seems desirable in order to insure against 
surface cracks which, once formed, fail to heal even 
after the moisture in the surface has evaporated. 











INDEXES OF HIGHWAY CONSTRUCTION 
COSiS 


REPORTED BY THE DIVISION OF MANAGEMENT, BUREAU OF PUBLIC ROADS 


HE purchasing power of funds expended for high- 
lies; construction, when expressed in miles of high- 
way annually placed under construction, shows 
variations from year to year because of (1) actual 
variations in the cost of materials and labor entering 
into such construction, and (2) changes in design fea- 
tures, types, and quantities of materials actually used. 
The effect of lowered prices of constituent units is 
immediately reflected in a downward trend in costs per 
mile whenever the quantities of materials used and 
labor required are subject to only minor variations. 
However, changing traffic conditions have required 
wider surfaces, longer sight distances, flatter curves, 
and other features conducive to safety with increased 
speed. Consequently, the effects of lower unit prices 
during recent years have been largely offset by the 
increased quantities of materials and excavation actu- 
ally used, and average costs per mile have not fluctuated 
in accordance with fluctuations in the unit price of 
materials. 

As a normal consequence of constantly increasing 
traffic on our highways, highway construction is con- 
tinually undergoing changes, both in design and in 
materials used, and these changes have tended to com- 
plicate the development of simple index figures. To 
meet this condition three sets of index figures have been 
prepared. 

1. A price trend index, based on the varying unit 
costs of a composite mile composed of the same quan- 
tities and materials for each year. 

2. A usage trend index that shows the variations in 
quantities of excavation, surfacing, and structures 
actually placed in the composite mile constructed each 
year. 

3. A cost trend index, that is based on the actual 
cost of the composite mile constructed each year. 

Data for the Federal fiscal years 1925 to 1929 were 
taken as a basis for the calculations. The variations 
in price trend for the years 1922 to 1935 for the major 
components as well as for the composite mile are shown 
in figure 1. 

Price, cost, and usage trend indexes are shown in 
figure 2 for the period 1923 to 1934. The effects of 
price and usage are combined to produce a cost trend 
for the composite mile. The cost trend follows a more 
uniform course than does either the usage or the price 
trend. 


COST TREND OBTAINED BY COMBINING PRICE TREND AND USAGE 
TREND FOR COMPOSITE MILE OF HIGHWAY 


The data covering materials, quantities, and unit 
costs were collected by the Bureau of Public Roads from 
the prices shown in the contracts awarded for road 
construction financed in whole or in part from Federal 
funds allotted to the States for construction on the 
Federal-aid highway system. Samples were taken 
from work financed wholly with State funds and it was 
found that Federal-aid and State projects were built 
to about the same standard. 
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Figure 1.—Pricr TREND IN HigHway CONSTRUCTION. 
AGES FOR 1925 To 1929 TAKEN As A BASE. 


Careful consideration of the available data led to the 
conclusion that a satisfactory usage index could be 
obtained if a composite mile of surfacing representative 
of the types of construction in Federal-aid and State 
annual programs were used. Accordingly, the com- 
ponent types of surfacing entering into the composite 
mile were taken from records of the combined highway 
mileages built annually, and the correlated items (grad- 
ing, structural concrete, and steel) were based on the 
records available from construction with Federal funds. 
The propriety of the above procedure is assured by the 
fact that governing specifications are the same for both 
Federal-aid and wholly State construction, and that 
design and supervision of construction are performed by 
the State highway departments. \ 

In building highways throughout the country the 
engineer must take into account wide differences in 
soils, availability and quality of materials, temperature, 
rainfall, traffic, and other factors, with a resulting wide 
range in construction practice. Many materials are 
important locally, but are of little significance to the 
country as a whole. Therefore, in the interest of sim- 
plifying reduction of data the following general items 
were selected as a basis for the indexes. 

From Bureau of Public Roads records of bid prices: 

Excavation— 

Common. 
Unclassified. 
Rock. 
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Figure 2.—INpDEXES oF Highway CONSTRUCTION Cost. 


AVERAGES FOR 1925 To 1929 TAKEN AS A BASE. 





1929 1930 1931 ‘ 1932 1933 1934 


Pricz InpEx SHows 


TREND IN Cost or ComposiTE MILE ComPosED or SAME QUANTITIES OF EXCAVATION, SURFACING, AND STRUCTURES IN EAcH 


Year. Usace InpEX SHows TREND IN QUANTITIES OF EXCAVATION, SURFACING, AND StructurES UsEp PER MILE In Eacu 
Year. Cost InpEx, Taxine Account or Usaas, SHows TREND IN ActTuAL Cost PER MILE. 
Structures— 


Reinforcing steel. 
Structural steel. 

Structural concrete, class A. 
Structural concrete, class B. 
Structural concrete, class C. 


From records of mileage of State highways con- 
structed: 
Gravel and sand-clay. 
Macadam. 
Bituminous macadam. 
Bituminous concrete. 
Portland-cement concrete. 
Brick. 


These items cover somewhat more than 90 percent of 
the total cost of highway construction. Therefore, 
though their number is not great, they appear to be 
adequate. The items not used involve about the same 
basic commodities, manufacturing processes, transpor- 





tation problems, and the same classes of labor that were 


involved in the items used. To include them would 
complicate the calculations but probably would neither 
clarify nor improve the result. 

These representative items were accumulated and 
weighted, and further consolidated into three general 
eroups—excavation, surfacing, and structures. The 
general group of excavation includes the three types of 
excavation, common, rock, and unclassified, and in 
addition includes the low-type surfaces such as topsoil, 
sand-clay, gravel, and treated and untreated macadam. 
These low-type surfaces have a low materials cost, 
generate little freight, and in construction methods and 
nature of equipment used are similar to grading opera- 
tions, and so may be readily converted into the general 
group of excavation. In a similar manner the rigid 
types of surfacing have been converted into equivalent 
concrete pavement. Structures, which include bridges, 
culverts, railroad grade crossings, and safety devices, 
were reduced to three items: Reinforcing steel, struc- 
tural steel, and structural concrete. The resulting final 
quantities per surfaced mile are shown in table 1. 


TABLE 1.—Final quantities per surfaced mile 


























Excavation Surfacing Structures 
Year Water- Bitumi- ‘ : : 
Excava- Gravel | Pound | Totalex-| nous bar s Brick 4 ye Total ae ay “aa 
Hon peace cay atE aetig concrete 3 concrete | SUrfacing | “ stee) steel concrete 
Cubic Cubic Cubic Cubic Square Square Square | Square Square Cubic 
yards yards yards yards yards yards yards yards yards Pounds | Pownds yards 
1923 _ _- 8, 068 3, 846 1, 002 12, 916 453 307 227 2, 764 3, 751 9, 270 2, 297 53 
8, 364 3, 792 1, 237 13, 393 391 351 137 2, 960 3, 839 12, 374 2, 258 67 
9, 238 4,116 945 14, 299 385 284 120 2, 978 3, 767 18, 581 4,718 64 
11, 068 4, 695 837 16, 600 405 215 103 2, 452 3, 175 14, 070 3, 629 68 
10, 960 4,310 1, 329 16, 599 400 237 53 2, 850 3, 540 12, 773 3, 301 64 
12, 545 4, 050 757 17, 352 692 273 86 3, 297 4, 348 17, 075 4, 953 65 
17, 028 4, 548 1, 029 22, 605 350 213 62 3,173 3, 798 22, 503 5, 024 $1 
18, 946 4, 426 797 24, 169 345 247 92 3, 640 4, 324 26, 852 7, 750 122 
22, 361 4, 801 683 27, 845 423 214 75 3, 283 3, 995 30, 751 12, 216 141 
18, 423 4, 874 692 23, 989 429 218 76 3, 332 4, 055 29, 243 10, 807 102 
21, 461 5, O17 908 27, 386 561 492 81 2, 609 3, 743 32, 131 19, 249 153 
28, 270 6, 163 684 35, 117 515 508 42 1,360 | — 2,425 29, 963 21, 733 158 


























1 Includes sand-clay and topsoil. 

2 Includes treated and untreated macadam. 
3 Includes sheet asphalt. 

‘ Includes all block pavements. 
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Base quantities and base prices (1925 to 1929) are 
shown in table 2. The base quantities and prices are 
the arithmetical averages of the quantities and prices 
by years for the base period. 


TABLE 2.—Average quantities and prices for the years 1925 to 
1929, used as a base for computation of indexes 






































‘ P . Reinforcing | Structural Structural 
a) 
Excavation | Surfacing steel steel concrete 
Hey ue) i fu hero 
pes BP Yea! Be Peel mb | bo | b | Beg mB | A 
SB om | 3 See of 3 og 3 o” 
Sen al Se Se a | oe | gy) oe 
3S 75 S = 3 a s 4&8 3 A 
=] Leta] =) uo = HR Ss ty iss ar) 
SG |as| oe lagi: S | a or ite o | aus 
Cu. Sq. Cu. 
yd. yd. ; Lb. Lb. yd. 
Ng2b SR ee eS 14, 299|$0. 886] 3, 767/$2. 360) 13, 581}$0. 0565) 4, 718/$0. 0667 641$22. 534 
$9262 16,600} .364| 3,175} 2. 286)14,070} .0534| 3,629] .0736 68] 22. 760 
TO 27 e Sease se 16,599} .352) 3,540) 2. 291/12, 773} .0510) 3,301} .0707 64| 22. 647 
NOS te so eke 17,352) .337) 4,348) 2.096/17,075} .0492) 4,953) .0671 65] 21. 216 
LO 20 RSs 22,605) .316] 3, 798) 2.055/22, 503) .0481) 5,024) .0591 81} 21. 582 
OUe eee 87, 455] 1. 755/18, 628]11. 088/80, 002} . 2582/21,625] .3372 342) 110, 739 
Average.---| 17,491} .351| 3,726] 2, 218/16,000} .0516] 4,325) . 0674 68} 22. 148 














\ 


The price indexz——The method of computing the 
price index is shown in table 3. The composite mile 
on which the price index is based is composed of the 


- 








average quantities of excavation, surfacing, and struc- 
tures as determined for the base period 1925 to 1929. 
The average bid price for each of these items is shown 
for the years 1922 to 1935. The figures given in the 
amount columns are the costs of the average quantities 
at the prevailing rate for the year or quarter. The 
index figures give a comparison between the year or 
quarter and the base period 1925 to 1929. The results 
given in this table are shown in graphical form in 
figure 1. 

The usage index.—The usage index shows the effect 
of changing practices in design features and use of 
materials in the highway-construction field. It is 
obtained by applying the average prices as determined 
for the base period to the various quantities of the base 
items used. The result shows how the cost would have 
varied because of changing usage had the unit prices 
remained constant. These changes in construction 
practices are shown in tabular form in table 4, and 
eraphically by the usage trend in figure 2. 

The cost index—The cost index is obtained by com- 
bining the average annual quantities used, as shown in 
table 4, with the average annual unit prices that they 
cost. ‘This index is shown in tabular form in table 5 and 
graphically by the cost trend in figure 2. 


TABLE 3.—Price trend in highway construction 

























































































Structures 
Ae ition Gael cubic ee ee square ARO ae Composite mile 
; Reinforcing steel | Structural steel re ; 
Year (16,000 pounds) | (4,325 pounds) | Crete (68 cubic Combined 
yards) 
Bid Sub- Bid Sub- Bid Bid Bid Sub- Total 
price 3 AnSOUIIE “index price % MNOURE | dex price 3 auto UaD price 3 ees price ¢ Amount}Amount| jndex | amount | dex 

Base period, 1925 to 1929__| $0.35 $6, 139 100. 0 $2. 22 $8, 264 100.0 | $0. 052 $826 | $0. 067 $291 | $22.15 $1, 506 $2, 623 100.0 | $17, 026 100. 0 

ie 7, 031 114.5 = 2. 28 8, 488 102.7 . 050 800 - O74 321 20. 18 1, 372 2,493 95.1 18, 012 105.8 

8, 186 133. 3 2. 43 9, 047 109.5 . 057 920 . 078 338 23.30 1, 589 2, 847 108. 6 20, 080 117.9 

7, 504 122. 2 2. 40 8, 950 108.3 . 057 920 -077 333 22. 91 1, 558 2,811 107. 2 19, 265 113.1 

6, 751 110.0 2. 36 8, 793 106. 4 . 056 904 . 067 288 22. 53 1, 582 2, 724 103.9 18, 268 107.3 

6, 3867 103. 7 2. 29 8, 518 103. 1 . 053 854 074 318 22. 76 1, 548 2, 720 103.7 17, 605 103. 4 

6, 157 100. 3 2. 29 8, 536 103.3 - 051 816 . O71 306 22. 65 1, 540 2, 662 101.5 Wieooo 101.9 

5, 894 96.0 2.10 7, 810 94.5 . 049 787 . 067 290 21.22 1, 443 2, 520 96.1 16, 224 95.3 

6, 527 90. 0 2.05 7, 657 92. 7 . 048 770 . 059 256 21. 58 1, 468 2,494 95.0 15, 678 92.1 

5, 300 86.3 1.86 6, 949 84. 1 . 045 715 . 061 264 20, 08 1, 365 2, 344 89.4 14, 593 85. 7 

Birst, QUaTterie. f.25 es. . 30 r. 195 84.6 1,79 6, 666 80. 7 . 042 672 . 055 240 18. 90 1, 285 2, 197 83.7 14, 058 $2.6 

Second quarter___.______- . 29 5, 072 82.6 eae 6, 580 79.6 941 658 . 051 219 18. 48 1, 257 2, 134 81.3 13, 786 81.0 

peiird quarters 2.222). < Ore 4,705 76.6 1. 59 5, 924 (AB . 040 634 . 052 224 | 17.49 1, 189 2, 047 78.0 12, 676 74.4 

Fourth quarter__.___.__.- .23 3, 988 65.0; 1.56 5, 809 70.3 . 037 594 . 056 244 17, 22 1,171 2, 009 76.6 11, 806 69.3 
1982 

MiTsteUarter.- 22s 6-2 e .18 3, 166 51.6 1.62 5, 656 68. 4 . 036 571 . 049 211 | 15.22 1, 035 1,817 69.3 | 10,639 62.5 

Second quarter__..______- -aNge 2,991 48.7 1.47 5, 481 66. 3 . 034 538 . 045 197 14. 98 1,019 1, 754 66. 8 10, 226 60. 1 

hind ‘quarter. 2._ £2 = 19 38, 358 54. 7 1.35 5, 045 61.0 . 033 526 . 043 184 14, 82 1,008 1, 718 65.5 10, 121 59. 4 

Fourth quarter._-._.____- .19 Byoee: 54.1 1. 44 evil 65. 1 . 033 528 . 048 208 | 16. 28 1, 107 1, 843 70.3 | 10,543 61.9 
1983 

Bost (Harter. co. ee. . 20 3, 498 57.0 1.49 5, 552 67. 2 . 032 506 . 043 187 | 15.44 1, 050 1, 743 66.4 | 10,793 63.4 

Second quarter__.._..._.- 25 4, 338 70. 7 1. 58 5, 894 71.3 . 035 552 . 043 188 | 14.67 997 1, 737 66.2 | 11, 969 70. 3 

Mhird quarter. 02-22 . 30 5, 194 84. 6 1.74 6, 498 78. 6 O41 657 . 049 212 | 17.36 1, 180 2, 049 78. 1 13, 741 80. 7 

HouTth Quarter. ...2..-_. . 29 5, 054 82:3 |), 186 6, 904 83.5 . 042 669 . 049 212 | 17.12 1, 163 2, 044 77.9 | 14,002 82. 2 
1934 

Mirst Quarters. -. 5 2+ <2. . 30 5, 247 85.5 1.90 7, 079 85. 7 . 042 672 . 049 212 17. 82 1, 212 2, 096 79.9 14, 422 84,7 

Second quarter___.______ 29 5, 072 82.6 1. 98 7, 377 89.3 . 042 678 . 051 221 Leek 1,177 2, 076 79, 1 14, 525 85.3 

ehird-quarter!. 2.6 . 29 5, 016 S17, 1. 92 7, 161 86.7 . 042 680 . 053 231 17, 98 1, 222 2, 183 81.3 | 14,310 84.0 

Fourth quarter___....___. .29 4, 988 81.3 1, 82 6, 781 82. 1 . 044 w12 . 057 245 | 17.81 1, 211 2, 168 82.7 | 13,9387 81.9 
1935 

Mirsioquarter._.-.-...-2.- . 25 4, 460 oer 1. 90 7,091 85.8 . 044 699 . 051 219 | 17.62 1, 198 2,116 80.7 | 18, 667 80.3 

Eecond quarters =-2) . 26 4, 548 74,1 1.89 7, 031 85,1 . 044 712 . 052 225 | 17.51 1,191 2, 128 81.1 13, 707 80. 5 

‘Chird quarter... 22.2 25 4, 355 70.9 1.88 7, 009 84.8 . 044 709 . 052 224 | 17,22 1,171 2, 104 80.2 | 13,468 79.1 











m1 Common excavation plus other excavation items expressed as equivalent common excavation, 
2? Portland-cement concrete plus other surfacing items expressed as equivalent portland-cement concrete 5 
3 Indexes and totals were calculated with the bid prices carried to 1 more decimal place than that to which they are shown in this table. 
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TABLE 4.—Usage trend in highway construction 















































































































































Structures 
Excavation ! ($0.351 per Surfacing 2 ($2.218 per Cc ite mil 
cubic yard) square yard) Reinforcing steel | Structural steel | Structural con- ; on eae 
Ve ($0.0516 per | ($0.0674 per crete ($22.148 per Combined 
eae pound) pound) cubie yard) 
Quan- Sub- | Quan- Sub- | Quan- Quan- Quan- Sub- | Total : 
tity Amount Pater tity Amount imdax tity Amount tity Amount tity Amount }Amount dest lanicunt Index 
Cubic Square Cubic 
yards yards Pounds Pounds yards 
Base period, 1925 to 1929__-| 17,491 | $6,139 | 100.0 | 3,726 | $8,264 | 100.0 | 16,000 $826 | 4, 325 $291 68 | $1,506 | $2,623 | 100.0 |$17, 026 100. 0 
1003 2 2 Ae ee ee 12, 916 4, 583 Toca oy f Ok 8,320 | 100.7} 9,270 478 | 2,297 155 53 1, 174 1, 807 68.9 | 14, 660 86.1 
T0242." kee eh 13, 393 4, 701 76.6 | 3,839 8,515 | 103.0 | 12,374 638 | 2, 258 152 67 1, 484 2, 274 86.7 | 15,490 91.0 
1905 ee tas Pee ee 14, 299 5, 019 81.7 | 3, 767 8,355 | 101.1} 13, 581 701 | 4,718 318 64 1, 417 2, 436 92.9 | 15, 810 92.9 
1026 Se oie a eee 16, 600 5, 827 94.9 | 3,175 7, 042 85.2 | 14,070 726 | 3,629 245 68 1, 506 2,477 94.4 | 15, 346 90. 1 
Cy ee ee See OA Bete 16, 599 5, 826 94.9 | 3,540 7, 852 95.0 | 12,773 659 | 3,301 222 64 1,417 2, 298 87.6 | 15, 976 93.8 
1929 te see ee ee 17, 852 6, 091 99.2 | 4,348 9,644 | 116.7 | 17,075 881 | 4,953 334 65 1, 440 2,655 | 101.2 | 18,390 108. 0 
1920 33 os es Se 22, 605 7,934 | 129.2] 3,798 8,424 | 101.9 | 22, 508 1,161 | 5,024 339 81 1, 794 3,294 | 125.6 | 19, 652 115.4 
1980 Yas See ee 24, 169 8,483 | 188.2} 4,324 9,591 | 116.0 | 26, 852 1,386 | 7,750 522 122 2, 702 4,610 | 175.7 | 22, 684 133. 2 
TOSI A sho een eee ee 27, 845 9,774 | 159.2} 3,995 8,861 | 107.2 | 30, 751 1, 587 | 12, 216 823 141 S123 5,533 | 210.9 | 24, 168 141.9 
LOSS cee sae ees ae 23, 989 8,420 | 187.2} 4,055 8,994 | 108.8 | 29, 248 1, 509 | 10, 807 728 102 2, 259 4,496 | 171.4 | 21,910 128.7 
1033 See Ree 27, 386 9) 612, [el 56.6)|\ so) 743 8,302 | 100.5 } 32,131 1,658 | 19, 249 1, 297 153 3, 389 6, 344 | 241.9 | 24, 258 142.5 
19845 2t Scie Soe Sr eee 35,117 | 12,326 | 200.8 | 2,425 5, 379 65.1 | 29, 963 1, 546 | 21, 733 1, 465 158 3, 499 6,510 | 248.2 | 24, 215 142, 2 
1 Common excavation plus other excavation items expressed as equivalent common excavation. 
2 Portland-cement concrete plus other surfacing items expressed as equivalent portland-cement concrete. 
TABLE 5.—Cost trend in highway construction 
Structures 
Excavation ! Surfacing 2 : Rane 
Reinforcing steel Structural steel | Structural concrete | Combined 
Year 7, 
o > bt Oo a 4 o ma o ine oO > 4 
| OB ae [Se eles dB hose) ea ee 58) eae eee ere | el eee 
RB) Boe | a Be Ve |e | Be lek eee See eee ee eee 
is) s g Q Es} s | Q uo} s g uc} S g as} S g Q g o 
= 3 | oo =| =] = S = 3 Ke 3 q = S 
FQ oc <q n [as] ‘@y <4 n [2s] ies <4 fea) ies < Q les <4 <q n < a 
Cubic Square Cubic 
yards yards Pounds Pounds yards 
Base period, 1925 to 1929_|$0. 35] 17, 491|$6, 189] 100. 0/$2. 22} 3, 726/$8, 264] 100. 0/$0.052) 16,000] $826/$0.067| 4,325) $291] $22.15 68/$1, 506} $2, 623] 100. 0/$17, 026} 100. 0 
10232. c2-0 es eee ee .47| 12,916] 6,045} 98.5) 2.43) 3,751) 9,107] 110.2) .057; 9,270} 533] .078| 2,297) 180) 23.37 53] 1,239} 1,952] 74.4] 17,104] 100.5 
1924 <2 aS eae ee ee . 43] 13, 393] 5,746} 93.6} 2.40) 38,839] 9, 221] 111.6] .057| 12,374 a OTe 2, 258] 174) 22,91 67) 1,535} 2,420] 92.3] 17,387) 102.1 
1925-25 pane eee eres . 39} 14, 299} 5,519} 89.9} 2.36] 3,767) 8,890) 107.6] .056) 18,581) 767; .067| 4,718] 315} 22.53 64! 1,442) 2,524) 96.2) 16,933) 99.5 
19262 se= ee Cove pe eae os aed . 36] 16,600} 6,042} 98.4} 2.29) 3,175) 7,258) 87.8} .053} 14,070} 751) .074| 38,629] 267) 22.76 68] 1,548] 2,566} 97.8) 15,866} 93.2 
19272 Se ie eee . 35] 16,599) 5,843} 95.2) 2,29} 3,540} 8,110) 98.1) .051) 12,773) 651) .071) 3,301) 233) 22.65 64] 1,449) 2,333] 89.0) 16,286) 95.7 
TODS ee ee een . 34] 17,352) 5,848) 95.2) 2,10) 4,348] 9,113] 110.3} .049} 17,075} 840) .067| 4,953] 332) 21,22 65] 1,379) 2,551) 97.3] 17,512) 102.9 _ 
1920 OE. I, pate .32| 22,605] 7,143] 116.4) 2.05) 3,798) 7,805) 94.4) .048) 22,503] 1,082} .059} 5,024) 297] 21.58 81] 1,748] 3,127) 119.2) 18, 075) 106. 2 
1930222 2B ee ee ee - 380) 24,169) 7,323] 119.3) 1.86] 4,324) 8,064] 97.6) .045) 26,852) 1,200) .061} 7,750} 473) 20.08] 122) 2,449) 4,122) 157.2) 19, 509} 114.6 
1031S eee ee eee .27| 27,845) 7, 546) 122.9) 1.68) 3,995) 6,696} 81.0) .040} 30,751] 1,227) .054] 12,216) 655) 18.02] 141) 2,541} 4,423] 168.6] 18, 665] 109.6 
198205 he ee ce . 18} 23,989] 4,378) 71.3] 1.44] 4,055] 5,859) 70.9] .034) 29,243) 994] .046] 10,807) 499] 15.32} 102! 1,563) 3,056] 116.5] 13,293] 78.1 
1933__.___-------------__] .26] 27,386] 7,066) 115.1) 1.67| 3,743] 6,240) 75.5) .037| 32,131) 1,195] .046] 19,249} 889) 16.15} 153] 2,470) 4,554! 173. 6) 17,860) 104.9 
1034 Se ee eee - 29) 35, 117/10, 184) 165,9] 1.91] 2,425] 4,622) 55.9] .043} 29,963] 1,285) .052) 21, 733]1,139) 17.73) 158] 2,801) 5, 225) 199, 2} 20,031) 117.6 

















1 Common excavation plus other excavation items expressed as equivalent common excavation. 
2 Portland-cement concrete plus other surfacing items expressed as equivalent portland-cement concrete. 
3 Indexes and totals were calculated with the bid prices carried to 1 more decimal place than that to which they are shown in this table. 
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